ABSTRACT: An epizootic of toxoplasmosis occurred among 22 adult and 30 kit black-footed ferrets (Mustela nigripes) maintained under quarantine conditions at the Louisville Zoological Garden (Louisville, Kentucky, USA) in June, 1992. Black-footed ferrets appear to be highly susceptible to acute and chronic toxoplasmosis. Clinical signs were observed in 19 adults and six kits and included anorexia, lethargy, corneal edema, and ataxia. Two adults and six kits died with acute disease. High antibody titers to Toxoplasma gondii were detected by latex agglutination and modified agglutination assay in 10 black-footed ferrets. One adult and six kits that died with acute clinical signs were necropsied and T. gondii-like organisms were found microscopically in multiple organs. Diagnosis of toxoplasmosis was confirmed by immunohistochemical staining with anti-T. gondii antibodies and by ultrastructural examination. Although the source of T. gondii for blackfooted ferrets was not identified, frozen uncooked rabbit was the most likely source. Chronic toxoplasmosis resulted in the death of an additional 13 black-footed ferrets that were adults during the epizootic. Affected animals developed chronic progressive posterior weakness and posterior ataxia 6-69 mo after the epizootic began. Meningoencephalitis or meningoencephalomyelitis associated with chronic toxoplasmosis were identified at necropsy in all 13 ferrets. Precautions to prevent introduction of pathogens into the colony were insufficient to exclude T. gondii. Although toxoplasmosis may cause significant mortality in mustelids, the high mortality of black-footed ferrets in this epizootic was of concern due to their endangered status. This is the first detailed report of toxoplasmosis in black-footed ferrets.
INTRODUCTION
The protozoan Toxoplasma gondii infects many species of homeothermic animals, resulting in varied disease (Dubey and Beattie, 1988) . Infection occurs in many free-ranging and captive wild species (Dreesen, 1990) . Of species in the family Mustelidae, T. gondii has been reported in domestic ferret (Coutelen, 1932; Bigalke et al., 1966; Thornton and Cook, 1986; Fox, 1998) , steppe polecat (Mustela putorius eversmanni; Beyer and Shevkunova, 1986) , and mink (M. vison; Hulland, 1956; Pridham and Belcher, 1958; Pridham, 1961; Dietz et al., 1993; Frank, 2001) . Serologic evidence of T. gondii infection was reported in North American river otter (Lontra canadensis; Tocidlowski et al., 1997) , marten (Martes americana; Tizard et al., 1976) , and fisher (Martes pennanti; Tizard et al., 1976) .
The successful captive propagation and reintroduction program for the endangered black-footed ferret (Mustela nigripes) involves various wildlife agencies, universities, and zoos (Williams et al., 1991) . Concern about disease has influenced management of this species and design of facilities from inception of the program (Hutchins et al., 1996) . Herein, we report an epizootic of toxoplasmosis in the Louisville Zoological Garden (LZG; Louisville, Kentucky, USA) colony of black-footed ferrets, including clinical signs, pathology, and serology. We speculate on the most likely source of infection. Brief details of the episode were reported previously (Williams and Thorne, 1996) .
History of the colony and the epizootic
Toxoplasmosis occurred in black-footed ferrets at the LZG Conservation Center.
The epizootic of toxoplasmosis began in June 1992. During the epizootic, the black-footed ferret population consisted of 22 adults and 30 kits.
The LZG established a captive-breeding colony in 1991 as an expansion of the Black-footed Ferret Species Survival Plan (BFFSSP) captive-breeding program that began with 18 wild caught black-footed ferrets. The population's mean inbreeding coefficient in 1992 was 0.056, with a living descendant founder genome equivalent of 4.178 black-footed ferrets (BFFSSP Studbook Report, 1992) .
Black-footed ferrets were maintained under quarantine conditions using facilities and management practices designed to prevent introduction of disease. These included continuous positive pressure airflow ventilation and a shower-in policy for staff (Burns, 1991) . Necropsies were performed on most black-footed ferrets dying in the colony. Coccidiosis was the only recognized infectious disease present in the colony prior to the toxoplasmosis epizootic.
The black-footed ferret diet consisted of a mixture of 1.5 kg raw rabbit (ground muscle and bones; Kentucky Specialty Meats, Inc., Princeton, Kentucky), 600 g dry pelleted mink food (National Gro-fur Dark Pellets, Milk Specialists Co., New Holstein, Wisconsin, USA), 25 g dried beef liver biodigest (Biodigest, Bioproducts, Inc., Louisville, Kentucky), 300 international units vitamin E (Vitamin E TPGS, Eastman Chemical Products, Inc., Kingsport, Tennessee, USA), and 1.4 l water. Whole hamsters were offered twice a week from a closed colony established at the Conservation Center in 1990 (Sasco, Inc., Charles River Labs, Wilmington, Massachusetts, USA). Kits were offered a gruel mixture of the black-footed ferret diet and kitten milk replacer (KMR, PetAg, Inc., Hampshire, Illinois, USA) beginning at 3-4 wk of age.
Rabbit meat was purchased from a United States Department of Agricultureinspected supplier to the restaurant trade.
Most of the supplier's rabbit was raised indoors but outdoor enclosures were used on occasion. Rabbit was delivered frozen, eviscerated, skinned, and quartered. On occasion, rabbits arrived whole or with a small amount of organ meat. Rabbit usually was stored frozen at Ϫ14 to Ϫ17 C at the LZG for a week prior to being fed raw. According to the manufacturers, the dry pelleted mink food and dried beef liver biodigest were processed to 82 C and 87 C, respectively. The diet mixture was refrigerated (4 C) for use over a 3 day period after which it was discarded. Drops of a multiple vitamin supplement (Poly Vi-Sol, Bristol-Meyers, Evansville, Indiana, USA) were added to each black-footed ferret's diet twice a week. No illness was diagnosed in the hamster colony at the LZG.
MATERIALS AND METHODS
Behavioral observations, husbandry records, and physical examinations were used to evaluate clinical signs. Physical examinations were performed by manual restraint using a small cage or by chemical restraint using a combination of diazepam (0.1-0.2 mg total dose) and ketamine (15-26 mg/kg) intramuscularly. Eyes were evaluated by direct ophthalmoscopy and digital pressure. Black-footed ferret kits present during the epizootic were young (age range 10-48 days). Observation of kits present during the epizootic was limited due to husbandry practices intended to minimize disturbance of kits and their dams.
Blood was collected from sick and clinically healthy black-footed ferrets multiple times throughout the outbreak via jugular venipuncture and chemical restraint. Complete blood counts (CBC) were performed either at the LZG using a white blood cell manual determination method (Unopette Microcollection System, Becton Dickinson and Co., Franklin Lakes, New Jersey, USA) or at Roche Bioveterinary Labs (Columbus, Ohio, USA). Complete blood counts were performed on blood collected 1 and 5 wk after the first black-footed ferret exhibited clinical signs.
Serum chemistry assays were performed at Roche Bioveterinary Labs. Chemistry assays were performed on serum collected 3 and 5 wk after the first black-footed ferret exhibited clinical signs.
Serum chemistry and CBC results were interpreted using mean and standard deviation values for normal adult black-footed ferrets provided by the BFFSSP (Burns, unpubl. data) . Values were considered abnormal if they were greater than two standard deviations from the mean.
The latex agglutination test (LAT) for antibodies against T. gondii was performed at the Wyoming State Veterinary Laboratory (University of Wyoming, Laramie, Wyoming, USA; Toxotest-MT, Eiken Chemical Company, LTD, Tokyo, Japan). Tests were performed on sera collected from eight adult black-footed ferrets with clinical signs and one adult black-footed ferret without clinical signs 2 and 5 wk after the first black-footed ferret exhibited clinical signs.
The modified agglutination test (MAT) (Dubey and Desmonts, 1987) was performed at the Beltsville Agricultural Research Center (USDA, ARS, Beltsville, Maryland, USA). This test was performed on the same serum samples as the LAT and in addition, samples from the same individuals collected 29 wk after the first black-footed ferret exhibited clinical signs. Both LAT and MAT were performed to confirm seroconversion in a species not previously tested using these methods.
Rectal swabs for bacterial culture were collected from four black-footed ferrets during physical examinations (Minitip culturette collection and transport system, Becton-Dickinson, Cockeysville, Maryland). Food samples were collected in sterile containers and cultured for Salmonella spp., Shigella spp., Campylobacter spp., and Yersinia spp. (Roche Bioveterinary Labs and the University of Kentucky Livestock Disease Diagnostic Center, Lexington, Kentucky).
Necropsy examinations of black-footed ferrets were performed at the LZG or the Wyoming State Veterinary Laboratory. Sections of heart, lungs, trachea, esophagus, thyroid, lymph nodes, spleen, eyes, liver, stomach, pancreas, small intestine, large intestine, skeletal muscle, bone and bone marrow, tongue, adrenal gland, kidneys, urinary bladder, gonad, brain, spinal cord, and skin were fixed in 10% neutral buffered formalin, processed routinely for paraffin embedding, sectioned at 5-6 m, and stained for histopathology with hematoxylin and eosin (HE).
Immunohistochemical (IHC) detection of T. gondii tachyzoites and tissue cysts in formalinfixed tissues was performed using an avidin-biotin complex (ABC) technique. Blocks of tissue from eight ferrets with acute clinical signs (kits and adults) and four adult ferrets with chronic signs were selected on the basis of detectable protozoa in HE stained sections. Five m sections of formalin-fixed tissues were mounted on adhesive-treated slides and heated for 1 hr at 56 C. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in methanol for 10 min. Sections were partly-digested using a 0.05% protease solution at 37 C for 15 min. Toxoplasma gondii bradyzoites and tachyzoites were detected using a 1: 320 dilution of hyperimmune serum from a rabbit and a commercial ABC kit used according to manufacturer's instructions (Vector Laboratories, Burlingame, California, USA; Lindsay and Dubey, 1989) . Formalin-fixed sections of liver from a mouse experimentally-infected with T. gondii served as a positive control. Negative controls consisted of sections treated as above, except that primary antibody was replaced by phosphate-buffered saline.
Ultrastructural examination was performed on formalin-fixed pieces of tissue from an adult that died of necrotizing hepatitis and splenitis. Samples of liver and kidney containing 1 mm white foci were diced to 1 mm 3 blocks and transferred to 2.5% glutaraldehyde in sodium cacodylate buffer. Samples were post-fixed in a 1% solution of osmium tetroxide, dehydrated in ascending concentrations of ethyl alcohol, embedded in an epoxy resin, and cut using glass knives. Selected blocks containing protozoa were cut with a diamond knife. Ultrathin sections were examined using a Philips 410 electron microscope. Ultrastuctural criteria helpful in distinguishing T. gondii from other tissue cyst-forming Apicomplexan protozoa, including Neospora caninum, were described previously (Dubey, 1993) .
Four hamsters from the Louisville Zoo feed hamster colony were anesthetized, bled via cardiocentesis, and euthanized for necropsy 6 wk after first ferret demonstrated acute toxoplasmosis. Sections of heart, lungs, spleen, liver, kidney, and brain were processed for histopathology as described above and microscopic examination was performed at the University of Kentucky Livestock Disease Diagnostic Center. Serology (LAT, MAT) on hamster sera was performed as described above.
RESULTS

Acute toxoplasmosis
Clinical signs associated with acute toxoplasmosis began 16 June 1992 when an adult female black-footed ferret was lethargic and partially anorexic. Within 1 wk, 19 of 22 adult black-footed ferrets in the colony were lethargic with partial or complete anorexia. Other clinical signs in adult black-footed ferrets were corneal edema, glaucoma, ataxia, and death ( duration of anorexia in adults ranged from 2-16 days. Of 30 kits present during the epizootic, death associated with T. gondii in tissues occurred in six kits aged 35-47 days (20% kit mortality). No clinical signs other than death were observed in these black-footed ferret kits. An additional 10 kits died of starvation or maternal trauma with no Toxoplasma organisms found in multiple tissue sections.
Treatment of clinically affected adult black-footed ferrets during the epizootic included amoxicillin trihydrate (Amoxidrop, Smith, Kline, Beecham Animal Health, West Chester, Pennsylvania, USA) 11-22 mg/kg orally twice a day for 7 days followed by trimethoprim-sulfamethoxazole (Sulfatrim Pediatric Suspension, Barre-National, Inc., Baltimore, Maryland) 19-30 mg/kg orally twice a day for 5-14 days, followed by sulfadimethoxine (Albon, 5% oral suspension, Smith, Kline, Beecham Animal Health, West Chester, Pennsylvania) 25-30 mg/kg orally once a day for 6-10 days. Some clinically affected black-footed ferrets were given supportive care with vitamin A and D injections (Injacom 100, Hoffman-LaRoche, Inc., Nutley, New Jersey) 0.1 ml IM, vitamin B complex (The Butler Company, Columbus, Ohio) 0.25 ml, and lactated Ringer's solution subcutaneously.
Seven of eight clinically ill adult blackfooted ferrets bled during week three of the epizootic were anemic (low packed cell volume, red blood cell count, and/or hemoglobin concentration); three had leukocytosis, and two had leukopenia. Four clinically ill adult black-footed ferrets bled during week five of the epizootic had hyperproteinemia and hyperglobulinemia; three had elevated aspartate aminotransferase activity and lactate dehydrogenase activity, and two had elevated alanine aminotransferase (ALT) activity.
Rectal cultures collected from clinically ill adult black-footed ferrets during the epizootic were negative for Salmonella spp., Shigella spp., Campylobacter spp., and Yersinia spp.
Latex agglutination and MAT serology results are shown in Table 2 . Seroconversion (Ն four-fold rise in titers in the LAT or MAT, or both) occurred in all nine black-footed ferrets tested, including one asymptomatic animal. An eight-fold or more rise in titer was found by LAT in six black-footed ferrets over a 2 wk period.
Two adults and 16 kits died during the initial epizootic. In one adult and six kits, organisms consistent with T. gondii were detected histologically. Toxoplasma organisms were identified by histopathology and by IHC staining in spleen (Fig. 1) , myocardium, liver (Fig. 2) , lungs, brain, and colonic tunica muscularis. Gross and microscopic findings in black-footed ferrets in which Toxoplasma organisms were iden- tified at necropsy are listed (Table 1 ). The 2.0ϫ4.4 m curved unicellular protozoa had ultrastructural features typical of the subphylum Apicomplexa, including presence of apical rings, conoid, pellicle, subpellicular microtubules, rhoptries, and micronemes (Fig. 3) . Organisms were intracytoplasmic in parasitophorous vacuoles, and multiplied asexually by endodyogeny. The morphologic features of gland-like rhoptries were consistent with T. gondii (five or fewer per tachyzoite; restriction to cytosol anterior to nucleus; honeycomblike internal structure) (Fig. 4) . Early tissue cysts in hepatocytes contained Ն35 bradyzoites and had a 0.4 m cyst wall (Fig. 5 ).
Hamsters were negative for antibodies against Toxoplasma by LAT and MAT. Lesions or organisms suggestive of toxoplasmosis were absent in tissues from four hamsters.
Cultures of mink pellets, whole rabbit, and prepared diet were negative for enteric pathogens.
Chronic toxoplasmosis
Clinical signs associated with chronic toxoplasmosis were observed subsequently in 13 adult black-footed ferrets (Table 1) . Ten had previously exhibited acute clinical signs (lethargy and/or anorexia) yet appeared to recover completely. Clinical signs associated with chronic toxoplasmosis developed 6-69 mo after the epizootic began. Clinical signs of chronic toxoplasmosis lasted 1-29 mo and ended in death or euthanasia.
The most common presenting clinical signs in chronically affected ferrets suggested involvement of the central nervous system. Animals developed mild to moderate progressive posterior weakness (10/ 13; 77%), disorientation (5/13; 38%), depression (5/13, 38%), head tilt (3/13; 23%), and circling (1/13; 8%).
Seven other adult black-footed ferrets present during the epizootic had no clinical signs associated with chronic toxoplasmosis and were part of a release program 27-33 mo after the epizootic began. Five previously exhibited acute clinical signs (lethargy, anorexia) but appeared to recover completely. The fate of these blackfooted ferrets after leaving the LZG colony is unknown.
Treatment of chronically infected blackfooted ferrets with trimethoprim-sulfamethoxazole 30 mg/kg orally twice a day, rifampin (Rifadin, Merrell Dow Pharmaceuticals, Richmond Hill, Ontario, Canada) 26 mg/kg orally twice a day, or clindamycin hydrochloride (Antirobe Aquadrops, Upjohn Veterinary Products, Kalamazoo, Michigan, USA) 25 mg/kg orally twice a day, did not improve clinical signs.
Gross and microscopic findings in chronically infected black-footed ferrets are listed in Table 1 . Chronic toxoplasmosis was identified in 10 animals. The principal abnormality was moderate to severe multifocal necrotizing nonsuppurative or granulomatous meningoencephalomyelitis (Fig. 6 ). Tissue cysts with numerous bradyzoites that stained strongly positive by IHC for Toxoplasma antigen were identified in central nervous tissues of nine black-footed ferrets. Lesions in tissues other than the central nervous system and eyes were interpreted as age-related or incidental. 
DISCUSSION
Illness and death in this group of blackfooted ferrets was due to toxoplasmosis. The diagnosis was established by suggestive clinical signs and confirmed by histopathology, immunohistochemistry, electron microscopy, and serology.
The most likely source of infection was uncooked rabbit meat, because most other ingredients in the diet underwent heat processing at temperatures over 70 C, which should kill Toxoplasma (Dubey and Beattie, 1988) . Toxoplasma gondii is killed by salting, curing, or heat used for processed meat (Dubey, 1994) . Most Toxoplasma cysts are destroyed when meat is frozen and thawed (Frenkel, 1990a) . In establishing a freeze-death curve for inactivation of T. gondii cysts in pork, tissue cysts were generally killed by freezing at Ϫ12.4 C but there were unexplained instances where tissue cysts in pork were infective after exposures to colder temperatures (Koluta et al., 1991) . In another report, T. gondii in pork was killed by freezing at Ϫ12 C for 3 days (Dubey, 1988) . Raw rabbit fed in the black-footed ferret's diet at the time of the outbreak was stored frozen at Ϫ17 to Ϫ14 C for an undetermined amount of time. Toxoplasmosis occurs in domestic rabbits (Leland et al., 1992) . We suspect T. gondii organisms survived in frozen rabbit meat but unfortunately, we were unable to test the suspect batch of rabbit meat for the parasite.
Hamsters were an unlikely source of the organism. Four hamsters were sacrificed and were negative for evidence of exposure to Toxoplasma by LAT, MAT, and histology. There was no history of illness in the closed hamster colony for over 1 yr prior to the ferret epizootic. However, we examined only four hamsters and subclinical infection of other hamsters could not be excluded.
Clinical signs (lethargy, anorexia, ataxia, disorientation, incontinence, circling, chronic infection, and death) and lesions (nonsuppurative encephalitis, myocarditis, pulmonary congestion, hepatic necrosis, splenitis, and Toxoplasma organisms in organs) observed in this epizootic in blackfooted ferrets were similar to those described in epizootics of toxoplasmosis in mink (Pridham and Belcher, 1958; Pridham, 1961; Frank, 2001 ). However, unlike previous reports, all black-footed ferrets present in the LZG colony at the time of the epizootic eventually died of chronic toxoplasmosis. Most ferrets that succumbed to chronic toxoplasmosis had clinical signs and lesions attributable to persistent infection of the central nervous system and eyes. Reactivation of chronic toxoplasmosis involving the central nervous system is a feature of immunosup-pressed human patients (Frenkel, 1990a, b) . We were unable to identify factor(s) in this group of ferrets to account for reactivation of chronic toxoplasmosis.
In most species, toxoplasmosis develops in young animals that have an immature immune response as well as in older animals with impaired immune responses, and in animals that evolved without exposure to toxoplasmosis (Frenkel, 1990a; Dubey, 1994) . The historic range of the black-footed ferret includes regions in which serologic evidence of Toxoplasma occurs (Hall and Kelson, 1959; Dubey, 1985; Williams et al., 1992; Smith and Frenkel, 1995) . The historic range covered 12 states in the US and extended into Canada (Hall and Kelson, 1959) .
Clinical toxoplasmosis in free ranging and captive mustelids is uncommon (Lainson, 1957; Siim and Sorensen-Biering, 1963) . However, there are several reports of clinical signs and death due to toxoplasmosis in farmed mustelids (Pridham and Belcher, 1958; Pridham, 1961; Thornton and Cook, 1986; Dietz et al., 1993; Frank, 2001) . Clinical signs and high mortality experienced by this colony of black-footed ferrets suggest that the species is highly susceptible to toxoplasmosis.
Inadequate immune response may explain the high mortality experienced in this colony. Cellular and humoral components are required for adequate immune responses to infection with Toxoplasma (Frenkel, 1974 (Frenkel, , 1990a . In humans, chronic toxoplasmosis occurs because the bradyzoite/tissue cyst stage evades the immune response and persists for months to years, resulting in latent chronic infection (Frenkel, 1990b) . Sporadically, lesions develop due to rupture of tissue cysts. Lesions are generally self-limited because protective immunity is adequate (Frenkel, 1990b) . A study of one component of the black-footed ferrets immune system identified an inability to produce interleuken-6, which may increase vulnerability to infectious agents that require a strong humoral immune response or neutrophil mobilization (Kennedy-Stoskopf et al., 1997) .
Some of the abnormal clinical pathology seen in black-footed ferrets during the epizootic are similar to those described in cats with clinical feline toxoplasmosis due to extraintestinal infection (Lappin, 1995) . These include anemia, leukophilia, leukopenia, hyperproteinemia, and elevated ALT.
Two of the drugs used to treat blackfooted ferrets (clindamycin, trimethoprimsulfamethoxazole) have resolved some clinical signs in cats with toxoplasmosis (Lappin, 1995) . However, treatment of acute and chronically infected black-footed ferrets did not improve clinical signs or prevent development of chronic toxoplasmosis.
Infection of kits was likely due to exposure of kits to Toxoplasma in the gruel fed at weaning which contained uncooked rabbit meat. Gruel was first fed at 22 and 24 days of age to six black-footed ferret kits that died of toxoplasmosis. These kits died 10-26 days after the first gruel feeding. This is consistent with an incubation period of 5-18 days in common-source epizootics of human toxoplasmosis (Frenkel, 1990b) .
The epizootic did not result in subsequent vertical transmission. Nine females survived the epizootic. Of these, eight bred in 1993 and three were bred in 1994 producing 25 and nine kits respectively. Twenty-one of the 1993 kits and two of the 1994 kits died. Age at death ranged from 0-20 days of age. None had evidence of Toxoplasma infection at necropsy. A report of congenital Toxoplasma-like disease in domestic ferrets speculated that domestic ferrets, once infected, transmit congenital toxoplasmosis over several gestations without recrudescence (Thornton and Cook, 1986) . Congenital toxoplasmosis was not identified in the LZG colony of black-footed ferrets.
Other than adult black-footed ferrets affected during the epizootic, no other black-footed ferrets have shown clinical signs or lesions associated with toxoplasmosis since 1992. Management changes instituted after the outbreak included maintaining freezer temperatures at Ϫ20 C or less, prolonging freezing time for rabbit meat to 1 mo, storing other dietary ingredients at Ϫ20 C for 1 wk, and removing remaining organ tissues from rabbit meat prior to use. In October 2000, the diet was changed to a more nutritionally balanced horse meat-based diet (Toronto Zoo Carnivore Mix Diet, Milliken Wholesale Meat, Scarborough, Ontario) in response to recommendations by the BFFSSP.
